Abstract Vascular actions of steroid hormones have gained increasing importance. Indeed, some steroid hormones favorably influence vascular structure and function, whereas others are detrimental. This review will focus on the endothelial effects of steroid hormones. In the first part, we summarize data from in vivo studies elucidating the regulation of endothelial function by steroid hormones. Accumulating data argue for an improvement of endothelium-derived relaxation and impaired vascular contraction by estradiol, whereas testosterone, progesterone, and aldosterone have contrary effects. In the second part, we present data from novel atomic force microscopy studies performed in living endothelial cells under the influence of steroid hormones. These studies provide insight into structural and functional alterations of endothelial cells characterized by changes in volume, apical surface, and stiffness. We summarize the available evidence that changes in shape of endothelial cells translate into changes of endothelial cell stiffness. Under the influence of estradiol, endothelial cells become spherical with consecutive improvement of elasticity, whereas aldosterone flattens endothelial cell-shape leading to increased stiffness. Both, endothelial cell shape and stiffness are major determinants of endothelial nitric oxide production. These studies emphasize the great potential of atomic force microscopy to investigate the function of living endothelial cells.
Research over the last two decades has been clearly demonstrating that the vascular endothelium is a target for steroid hormones, e.g., sex hormones, glucocorticoids, and mineralocorticoids [25, 35] . Indeed, specific receptors for these steroid hormones have been identified in endothelial cells. Numerous clinical studies demonstrate that the various steroid hormones affect vascular function in different ways.
Sex hormones
Vascular endothelial cells and vascular smooth muscle cells express receptors for estradiol, progesterone, and testosterone [54, 55, 66] . The sex hormones bind to specific cytosolic receptors. The resulting complexes are transported into the nucleus and initiate gene transcription (so-called genomic effects). Moreover, sex hormones cause a number of rapid non-genomic effects on vascular endothelial and smooth muscle cells.
Several studies report gender differences in vascular function. Vascular contraction was found to be greater in male and ovarectomized female rats than in castrated male and female rats, suggesting an effect of testosterone in favor of vascular contraction and an effect of estradiol in favor of preventing vascular contraction [24] . Specifically, estradiol has been shown to cause endothelium-mediated vasorelaxation, whereas testosterone and progesterone interfere with estradiol-mediated endothelium-dependent vasodilation [25] .
There is a body of evidence suggesting that sex hormones interfere with the synthesis and bioavailability of endothelium-derived nitric oxide (NO) [10, 58] . Animal studies show that the release of NO from the endothelium is greater in female than in male rats [19, 62] . Indeed, estradiol induces endothelial nitric oxide synthase (eNOS) expression, mediated via the estradiol receptor alpha. Moreover, estradiol interacts with estradiol receptors in the cell membrane and causes rapid non-genomic signaling pathways that regulate eNOS activity, partly by eNOS translocation to the cell membrane. In addition to stimulating NO synthesis, estradiol has antioxidant effects and inhibits superoxide formation and, thereby, increases NO bioavailability [41] . On the other hand, progesterone and testosterone may have some stimulatory effect on NO production, but progesterone has been shown to counteract the stimulatory effects on NO release [41, 66] .
Sex hormones differentially affect cyclooxygenase expression in endothelial cells, where particularly estradiol causes an increase in cyclooxygenase type 1 expression an prostaglandin I 2 production [41] .
Moreover, sex hormones interact with endotheliumderived contracting factors. Estradiol attenuates endothelin 1 (ET-1) and endothelin beta receptor messenger RNA (mRNA) expression and inhibits ET-1 production in endothelial cells. Furthermore, progesterone inhibits endothelial ET-1 production, whereas testosterone stimulates ET-1 release from the endothelium [11, 66] .
Glucocorticoids
There is substantial evidence that glucocorticoids downregulate eNOS mRNA and protein expression in cultured endothelial cells and also in the isolated vessels [59] . Moreover, glucocorticoids suppress the production of endothelium-derived vasodilators. Glucocorticoid excess causes increased superoxide formation, thus increased oxidative stress in endothelial cells [22] . However, a recent study did not show any change of endothelium-mediated vasodilatation with short-term dexamethasone application in healthy subjects [7] . On the other hand, in states of inflammation, glucocorticoid treatment may improve endothelial function. For example, in patients with giant cell arteritis, steroid treatment was associated with an improvement of brachial artery flow-mediated dilatation [15] . Interestingly, shear stress caused a nuclear localization of the endothelial glucocorticoid receptor similar to that induced by high-dose steroid treatment, suggesting an antiatherosclerotic effect of glucocorticoids [23] . Additionally, glucocorticoids reduce endothelial permeability and interfere with the production and action of adhesion molecules. For example, dexamethasone was shown to reduce cytokine-induced expression of intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 in cultured endothelial cells. By contrast, sex hormones had no substantial effect on endothelial adhesion molecule expression [9] .
It has to be noted though that glucocorticoid action in endothelial cells depends on the activity of 11-betahydroxysteroid dehydrogenase. Abnormal 11-beta-hydroxysteroid dehydrogenase expression or function will cause mineralocorticoidrecpetor activation by glucocorticoids. This will ensue mineralocorticoid-like action of glucocorticoids on the vascular endothelium [67] .
Aldosterone
Several clinical studies show that aldosterone impairs vascular reactivity [4, 8, 27, 46] . Interestingly, the mechanisms are not completely understood. Aldosterone increases reactive oxygen species in endothelial cells and reduces the bioavailability of NO [29] . This is associated with impaired endothelium-mediated vasodilatation [56] , that can be reversed with aldosterone antagonists as has been shown in disease states such as heart failure [1] . Reduced NO bioavailability with aldosterone appears to be attributable to decreased eNOS activity. This may result from decreased levels of tetrahydrobiopterine, as normal levels depend on adequate nicotinamide adenine dinucleotide phosphate, reduced form (NADPH) levels [29] .
A recent study shows that aldosterone decreases glucose-6-phosphate dehydrogenase activity [29] . Decreased glucose-6-phosphate dehydrogenase activity results in decreased NADPH levels and thus increases oxidative stress-with the consequences of reduced eNOS activity in increased levels of reactive oxygen species. The authors, moreover, have shown that aldosterone antagonists restore glucose-6-phosphate dehydrogenase activity and thereby improve vascular reactivity in vivo. Aldosterone effects could be mimicked by experimental deficiency of glucose-6-phosphate dehydrogenase.
Aldosterone treatment also adversely affects adhesion molecules. Increased deposition of ICAM-1 has been demonstrated in the vascular wall of aldosterone-infused rats [45] . Spironolactone and endothelin antagonist treatment reduced ICAM-1 content and reversed NAPDH depletion in the vascular wall. Aldosterone directly induces endothelin expression in vivo [63] .
Importantly, aldosterone effects on endothelial function, oxidative stress, and adhesion molecules, and endotheliumderived contracting factors are associated with vascular fibrosis and profound vascular stiffening [27] . Large artery stiffness is related to aldosterone concentrations in hypertensive subjects [4] . Aldosterone causes cardiac fibrosis as shown in patients with heart failure [57] . Moreover, increased aldosterone levels induce renal vascular and tubulointerstitial fibrosis in several patient collectives such as diabetics and patients with heart failure or renal disease [56] .
What does atomic force microscopy add to our understanding of the in vivo functional effects of steroid hormones on the endothelium? Atomic force microscopy (AFM) allows structural [3] and, importantly, also functional imaging of endothelial cells. There is a solid body of evidence that endothelial cell structure influences endothelial cell function. These experimental data are-to a large extent-derived from AFM studies [32, 37, 38, 51] .
The micromechanical structure of the endothelial cell membrane is characterized by a polygonal mesh of mostly actin and vimentin fibers [43] . This complex structure is in a process of constant remodeling [44] . Mechanical stimuli that act on the endothelial cell determine this process of endothelial cell cortex remodeling [12] . It is intriguing that endothelial cell shape and NO have profound influences on the cytoskeleton. In a recent study, shape-engineered endothelial cells were characterized [26] . Spindle-shaped cells displayed reduced NO production and increased stiffness that were related to dense actin stress fibers. By contrast, large circular-shaped endothelial cells, which displayed increased NO production, were soft and lacked dense actin stress fibers. It is conceivable that NO bioavailability determines endothelial cell cytoskeleton and elastic properties, as NO may depolymerize actin [20] . On the other hand, increased endothelial cell elasticity may be associated with translocation of eNOS to the cell membrane and hence increase eNOS activity [28] . There is further evidence that endothelial cell elastic properties and NO production are related to each other. Peng et al. [42] studied NO production in endothelial cells that were grown in tubes and subjected to pulsatile flow. When the elastic response of the endothelial cells to pulsatile flow was restricted by using a rigid tube, endothelial cell NO production was reduced markedly. This was associated with increased endothelial cell vulnerability to ultraviolet radiation.
From these observations, it appears that endothelial cell elastic properties are closely related to endothelial NO production and that, again, endothelial morphological properties at least in part determine endothelial cell elasticity. Thus, endothelial cell stiffness appears as a marker of endothelial cell function.
These important parameters-endothelial cell morphological properties and elastic properties-can only be assessed in living endothelial cells by AFM. We have performed AFM studies regarding the effects of the various steroid hormones outlined above on endothelial cell properties. We observed divergent effects-in line with the divergent effects of steroid hormones on clinically relevant parameters [17, 18, 37] .
Which parameters can be assessed by atomic force microscopy in endothelial cells?
AFM is a nanotechnique that allows exact imaging of the surface of living cells [33, 52] . Importantly, AFM is a scanning procedure that relies on a mechanical sensor with defined properties. A tiny tip is mounted on a cantilever holder. This tip follows the surface contour of the sample and yields an exact image of the surface topography at a very high resolution up to several nanometers. Importantly, detailed topographical surface scans are obtained, allowing the quantification of the roughness of any rippled surface. Moreover, AFM is an excellent tool to quantify the volume of cells adherent to a nondeformable surface under in vivo conditions and independent of the morphology of the cells [50] . Many AFM studies were performed on endothelial cells fixed with glutaraldehyde, as image quality generally is higher with fixed cells [18, 17] . As living endothelial cells are more deformable than fixed endothelial cells, AFM measurements performed in living endothelial cells tend to underestimate cell volume and surface; however, these differences between fixed and living cells are only slight and generally negligible [37] . The exact morphology of cellcell contacts can be visualized. In addition, the technique is also applicable to cell substructures allowing nanoscale imaging of cell membranes, the cell nucleus, membrane protein clusters such as nuclear pores [34, 39, 47, 49, 53] .
AFM can be performed under physiological conditions, i.e., at 37°C in fluid. For this purpose, cells are covered by some amount of culture medium. Therefore, it is possible to scan living cells. AFM is particularly able to scan endothelial cells under in vivo conditions. As the mechan- 3. Further movement of the AFM tip leads to an indentation of the cell surface. The indentation of the cell surface causes a deflection of the laser beam which correlates to the force needed to indent the cell surface. The stronger the deflection, the stiffer the surface is ical properties of the cantilever are defined, it is feasible to measure the stiffness of the surface scanned. When the AFM tip is pressed against the surface, the deflection of the cantilever is measured. From these measurements, the force necessary to indent a cell for a certain distance can be calculated. These forces relate directly to cell stiffness [33] . A schematic view of the development of force-distance curves is delineated in Fig. 1 .
In summary, AFM is the only experimental approach to assess both microstructure and elasticity of living cells. These parameters of endothelial cells are-as outlined above-closely related to endothelial function.
What are the effects of steroid hormones on endothelial cells as assessed by atomic force microscopy?
We have studied the effects in various types of vascular endothelial cells including human umbilical vein endothelial cells (HUVEC), the endothelial cell line EAHy926, bovine aortic endothelial cells (GM7373), and human coronary artery endothelial cells.
The effects of sex hormones and glucocorticoids were studied in HUVEC exposed for 72 h [17, 37] . A major effect was observed with estradiol. Estradiol at physiological concentrations (up to 15 nmol/l) produced substantial dose- or combination of E2 and L NAME compared to controls. Cell volume increased significantly with estradiol treatment. This effect can be inhibited by simultaneous incubation with L NAME, indicating that the estradiol induced changes are nitric oxide dependent (n = 20, **p<0.01).
(d) Effect of E2 with and without L NAME on stiffness (shown as Young's elastic modulus in kPa) in living HUVEC compared to control conditions (control, L NAME, n = 15, *p<0.05). Modified after Hillebrand et al. [18] dependent endothelial cell growth with an increase in cell volume by up to approximately 40%. Apical surface area also increased, but only by about 20%. These morphological changes are consistent with spherical transformation of endothelial cells along with a smoothing of the surface. These morphological changes were associated with a substantial decrease of cell stiffness. The force necessary to indent the endothelial cell membrane by 300 nm was roughly halved with estradiol treatment. All estradiol effects could be abolished by coincubation with tamoxifen. Although tamoxifen is not a highly specific estradiol receptor antagonist, this suggests that the observed estradiol effects were dependent on estradiol receptors present in endothelial cells (Fig. 2) . By contrast, neither progesterone nor testosterone nor dexamethasone significantly influenced endothelial cell shape, volume, surface area, or stiffness.
The estradiol effects on endothelial cell growth were mainly attributable to intracellular water and electrolyte accumulation and only to some degree to an increase in organic cell matter. We could show that the increase in cell water with estradiol was caused by activation of the sodium proton exchanger NHE1 and could be prevented by the specific NHE1 inhibitor cariporide (HOE642). It is known that steroid hormones can alter the set-point of the sodium proton exchanger with the results of a more alkaline intracellular milieu and cell volume expansion [40] .
These AFM studies show related structural and functional changes in endothelial cells with estradiol. With estradiol, cells become spherical and smooth their cell membrane surface. These morphological changes go along with decreased cell stiffness. The decreased cell stiffness with estradiol could have a simple biomechanical explanation. According to the law of Laplace F ¼ δ2Â
F=applied force (calculated from the spring constant [0.01 N/m] multiplied by the measured cantilever deflection), E=elastic modulus (kPa), ν=Poisson's ratio assumed to be 0.5 because the cell was considered incompressible, α=opening angle of the AFM tip (35°), and δ=indentation depth], sphere segments with a small radius (a model for an endothelial cell under the influence of estradiol) are less stiff than sphere segments with a larger radius, as the stiffness of a spherical body correlates with the radius of the sphere. However, it is likely that more complex mechanisms underlie the observed structural and functional effects of estradiol. As outlined above, experiments in shape-engineered endothelial cells show that round-shaped cells lack actin stress fibers, are more elastic, and exhibit increased NO production [26] . Thus, reduced stiffness means increased NO production, i.e., improved endothelial function. Indeed, recent studies suggest that functional endothelial cell changes by estradiol receptor activation are associated with translocation of the eNOS and altered expression of the endogenous eNOS inhibitor caveolin [28] . A spherical endothelial cell adapts more easily to changes in vessel wall diameter, i.e., stretches more easily with dilatation of the vessel or increased shear stress. The response to shear stress can be transmitted more easily in spherical endothelial cells. This could result in more pronounced eNOS activation [26] . We could further substantiate these data by our own findings showing that the estradiol-induced increase in cell volume and surface as well as the pronounced decrease in endothelial stiffness is NO dependent [17] .
The observed effects visualized by AFM-substantial cell growth and reduced stiffness only with estradiol, not with progesterone, testosterone, or glucocorticosteroidsare consistent with the effects on endothelial function outlined above. Whereas studies on the endothelial effects of estradiol unequivocally showed improved endothelial function and increased eNOS activity, studies on the action of progesterone, testosterone, or glucocorticoids on the vascular endothelium showed inconsistent or only small effects [7, 9, 15, 22, 25, 41] .
There is a solid body of evidence derived from AFM studies regarding the effects of mineralocorticoids on the In aldosterone treated endothelium, mean values for stiffness at sodium concentrations above 140 mmol/l are significantly higher compared to mean values measured at 125 mmol/l sodium (p<0.01). However, stiffness does not increase with rising sodium concentrations in eplerenone treated controls (p<0.01). Modified after Oberleithner et al. [38] vascular endothelium [6, 31, 38] . From these studies, it appears that the effects of aldosterone are opposite to the effects of estradiol. We were able to show that aldosterone dose-dependently increases endothelial cell volume and apical surface [18] . The effects were consistent in HUVEC, EAHy926, human coronary artery endothelial cells, and bovine aortic endothelial cells, i.e., in cells of both venous and arterial origin [18, 33] . Importantly, opposite to the estradiol effects, with aldosterone cell surface, increased to a much larger extent than volume. Surface was augmented by more than 60%, whereas volume increased only by less than 20% [33, 35] . The morphological correlate was a flattening of the cells along with some rippling of the cell membrane [33] . This means that endothelial cells contract under the influence of aldosterone (Fig. 4) . Substantial effects already occurred with low doses of aldosterone, corresponding to mild hyperaldosteronism [18] . The aldosterone-induced alterations of endothelial cell morphology that were opposite to the estradiol effects also were associated with opposite effects on endothelial cell biomechanical properties. Using AFM as a mechanosensor, we observed that, with aldosterone, endothelial stiffness increased dose dependently. Again, substantial effects were already observed with relatively low aldosterone levels corresponding to mild elevations of plasma aldosterone such as observed in hypertension or mild to moderate heart failure [18] .
Thus, endothelial cell contraction was associated with endothelial cell stiffening. This finding is consistent with the aforementioned studies in shape-engineered endothelial cells. Spindle-shaped endothelial cells displayed dense actin filaments and reduced NO production [26] . We were able to relate endothelial cell stiffening with aldosterone to reduced NO production [38] . Aldosterone-treated bovine aortic endothelial cells that were exposed to shear stress displayed reduced nitrite concentrations in the culture medium, thus reduced NO formation, along with stiffening of these cells. It is important that aldosterone effects on the vascular endothelium depend on sodium concentrations. After 72 h of aldosterone incubation in physiological concentration (0.45 nmol/l), endothelial cell stiffness was unaffected by acute changes in sodium concentration below 135 mmol/l but rose steeply between 135 and 145 mmol/l. The increase in stiffness occurred within minutes (Fig. 3) . These data show that plasma sodium per se-within a small physiological concentration range-alters vascular endothelial cell stiffness and NO production, but this occurs only under a permissive influence of aldosterone. The effects were independent of osmolality that was kept constant by variable addition of mannitol [38] .
Aldosterone-induced morphological alteration and stiffening of endothelial cells depend on activation of the mineralocorticoid receptor [14] . However, both fast non-genomic and genomic effects are involved [13] . Aldosterone effects can be completely abolished by mineralocorticoid receptor antagonists such as spironolactone and eplerenone.
Importantly, aldosterone-induced changes in the vascular endothelium depend on activation of the epithelial sodium channel [35] . This is in contrast to estradiol where cell swelling depends on the sodium proton exchanger and is independent of the ENaC. Incubation with the ENaC blocker amiloride prevented the endothelial effects of aldosterone. In a recent study, the time course of aldosterone action on endothelial cells was analyzed [33] . During the first minutes after addition of aldosterone, there was a transient increase in cell volume along with a decrease in cell stiffness. However, after 15 min, cell volume decreased again, and cell stiffness increased progressively. This was associated with endothelial cell contraction. Similar effects were observed in renal epithelial cells [16] . A recent observation suggests that intracellular sodium regulates the open probability of the ENaC [2] . Thus, the initial [33] increase in intracellular sodium during aldosterone incubation could limit further sodium entry into the endothelial cell and initiate volume regulation and the observed cell contraction during continued aldosterone exposure. After further exposition to aldosterone during several days, endothelial cell volume increases again. However, this is to a significant degree due to accumulation of organic material [36] . Endothelial cell stiffening is a consistent finding also after prolonged aldosterone exposure [18] . Table 1 summarizes the morphological and functional changes of endothelial cells imaged by AFM after treatment with steroid hormones.
Is endothelial cell stiffening with aldosterone detrimental as opposed to endothelial cell "softening" with estradiol?
As outlined above, an increase in endothelial cell stiffness measured by AFM is associated with reduced NO production. This finding is consistent in studies by different groups. However, beyond reduced NO production and reduced eNOS activity, endothelial cell stiffening has additional functional implications. Peng et al. [42] showed that, when the elastic deformation in response to pulsatile stress was hindered, endothelial cells became vulnerable to ultraviolet radiation. Oberleithner et al. [36] studied the responses of endothelial cell monolayers to prolonged shear stress in the presence of aldosterone. Along with endothelial cell stiffening, there was a disruption of the endothelial cell layer with aldosterone treatment [36, 37] . The aldosterone-induced endothelial cell contraction and stiffening first led to paracellular gap formation. With continued shear stress, endothelial cells could not withstand the strain and were disrupted from the layer (Fig. 4 ) [36] . Thus, aldosterone-induced contraction and stiffening of the vascular endothelium make it vulnerable to mechanical stress. Indeed, endothelial lesions with denudation of the basal membrane represent a common phenomenon observed in the process of human atherosclerosis [30] . Figure 5 .
Endothelial cell stiffening may even be related to the elastic properties of the vascular bed. It has been clearly shown that aldosterone stiffens large arteries [4] . Increased endothelial cell stiffness with aldosterone as opposed to reduced cell stiffness by estradiol may even contribute to vascular deformability, at least in small vessels lacking a marked vascular smooth muscle layer [21] . Under pathophysiological conditions with increased pulse pressure and an altered myogenic tone of small arteries and arterioles, pulsatile stress is transmitted to microvessels, which results in microvascular damage and altered pulse wave reflection [48] . In this context, it is tempting to speculate that altered endothelial cell stiffness may alter pulse wave reflection and thereby contribute to systemic arterial stiffness.
Finally, there is substantial evidence that adhesion of leukocytes or platelets to endothelial cells is associated with reduced NO bioavailability [5, 65] and endothelial cell stiffening [60] , such as observed with aldosterone [61, 64] . In contrast, the estradiol-induced increase in endothelial elasticity might be associated with reduced leukocyte adhesion and impaired transmigration through the endothelium.
In summary, the outlined AFM studies regarding steroid hormone effects on the vascular endothelium clearly show that AFM allows functional imaging of living endothelial cells. These AFM studies show consistent changes of morphology and stiffness in endothelial cells. Endothelial cell stiffness, as measured by AFM, emerges as an important parameter of endothelial cell function that is not only related to NO bioavailability but to several other endothelial cell functional properties.
